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Abstract. This research examines the flow within the aorta of two patients with aneurysm of the ascending aorta. For 

each patient, two tomography images that were performed at intervals of different years were obtained. By assessing the 

tomography images, it was observed that one of the patients presented a volumetric growth of the aneurysm and the 

other patient did not suffer alterations in relation to the size of the aneurysm. This study aims to assess the relationship 

between aneurysm growth or non-growth regarding to turbulence quantities such as turbulent kinetic energy and 

maximum turbulent shear stress. Three dimensional models were generated from computed tomography angiography 

and image segmentation of aortas. The flow was obtained with a commercial software, ANSYS Fluent v18.1. The 

turbulent flow was modeled with the two-equation  - turbulence model. It was verified that the results of the turbulent 

kinetic energy and the maximum principal Reynolds shear stress are quite similar. The patient with aneurysm growth 

presents high values of turbulent quantities in the incoming jet and near to the posterior wall, while the patient without 

the aneurysm growth presents lower values. The identification of particularities of the flow related to ascending aortic 

aneurysms obtained with the present analysis provide additional information to help patient diagnosis by doctors and it 

might help future patients in their medical treatments. 

Keywords: aneurysm, CFD, turbulence, hemodynamic  

1. INTRODUCTION  

Arterial aneurysm is an excessive dilation of the normal diameter of an artery. It can occur at aorta, the principal artery 

in the human body. Ascending aortic aneurysm is usually asymptomatic, therefore, it is frequently identified accidentally 

during imaging exams of a patient with other clinical indications (Standring, 2015). The causes of the growth of this type 

of aneurysm are not known precisely. Its evolution occurs in a silent way, however, its complications, like rupture and 

dissection of the aorta, are catastrophic events (Elefteriades, et al., 2015). 

Weigang et al. (2008) discusses that patients with ascending aortic aneurysm present considerable differences in the 

aorta flow patterns when compared to the flow pattern of healthy individuals. Gülan et al. (2018) observed that 

counterclockwise helical flow patterns are developed from the ascending aorta and are extended towards the aortic arch 

in the healthy case. In the aneurysmal case, however, it was found that large rotational regions were formed during the 
systolic phase, which shows qualitative similarity with vortex ring formation, i.e., a central jet, surrounded by two large 

vortices. From a fluid mechanical point of view, a sudden increase in diameter leads to a separation of the boundary layer 

and a separation bubble, and hence it is likely that there is an analogy between the separation, the associated turbulence 

and pressure loss and aneurysm growth (Gülan et al., 2018). 

According to Adrian (2007), the single hairpin eddy is a useful paradigm that explains many observations in wall 
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turbulence. It can provide a mechanism for creating high Reynolds shear stress at the wall, low-speed streaks, and for 

transporting vorticity of the mean shear at the wall away from the wall and for transforming it into more isotropically 

distributed small scale turbulent vorticity. Therefore, the presence of coherent structures inside the aorta can also be 

applied to explain the formation of high shear stress and pressure regions, that can induce aneurism dilatation. 

The main goal of this study is to analyze using Computational Fluid Dynamics (CFD) the flow field, focusing in 

turbulence variables, as turbulent kinetic energy and maximum principal turbulent Reynolds stress, inside the aorta of 

patients with ascending aortic aneurysm. Results from two consecutive years were analyzed for two patients, aiming to 

identify different flow behavior associated with aneurysm growth. The first one presented a growth in the dilatation of 

the aneurysm, while second patient did not present a significant aneurysm growth. 

2. METHODOLOGY  

The computed tomography angiography (CTA) exams of two patients in a time span of different years were selected 

for analysis. This research was approved by the ethics committee of the National Institute of Cardiology, INC/MS. From 

a series of CTA slices, the DICOM (Digital Imaging and Communication in Medicine) images were transferred to the 

software Mimics (Materialise, Belgium) and an image segmentation was performed with the software FIJI (open source 
image processing software based on ImageJ), generating a three dimensional (3D) model. 

To determine the flow field, a grid test was performed and a mesh with 4 ×105 nodes was created, where the difference 

of the pressure drop at the main area of interest (ascending aorta) was inferior to 0.3%, when the mesh size was doubled. 

The focus of this study is to analyze turbulent variables distribution during ventricular systole, to access its 

influence on the flow and aorta´s surface. At the period of the ventricular systole, the aortic walls are distended, 

providing their maximum diameter, with small variation due the vascular complacency. Thus, the analysis is performed 

considering the maximum physiological flow rate, which can be twenty-five liters per minute, assuming steady state, 

which is a more critical situation.  

As a first simplification, the aorta´s surface was considered rigid, due to its small complacency (Viscardi, et al., 2010; 

Faggiano, et al., 2013; Rinaudo & Pasta, 2014). The gravity effects were also neglected, since the pressure variations are 

dominant over the force of gravity. As reported by Stuart & Kenny (1980), the blood behaves like a Newtonian fluid 

when the deformation rate varies above 50 s-1 (Long et al., 2004, Crowley & Pizziconi, 2005). Consequently, the use of 
a Newtonian fluid is often justified on the grounds that blood hemolysis is a result of strong shear flows and turbulence, 

which are characterized by high shear rates (Deutsch et al., 2006), and can be found in patients with ascending aortic 

aneurysm (Simão et al., 2017). In addition, under normal conditions, the blood can be considered as an incompressible 

fluid (Feijó & Zouain, 1988).  

The turbulence was modeled based on the Reynolds average approximation, with the two-equation  SST model 
(Menter, 1994). The turbulence model was selected by comparing the numerical predictions with experimental data 

obtained in a similar aorta (Azevedo et al., 2017; Celis Torres et al., 2017). 

To determine the flow field, the time average conservation of mass and momentum were solved: 
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where xi  represents coordinates axes, ui  the time average component of the velocity vector, the density,  the molecular 

viscosity, t  the turbulent viscosity and p̂  is the modified pressure, which includes the turbulent dynamic pressure, 

dependent on  the turbulent kinetic energy 
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The  -  SST turbulent eddy viscosity is based on a combination of the  -  and  - turbulence models (Menter, 

1994), and the turbulent viscosity model t=  is computed by employing a blending factor , and  is the turbulent 
density dissipation.  

It was assumed that the inlet aortic valve was not deformed during the two years for the two patients, and the same 

uniform velocity normal to the inlet was imposed for both cases. It was assumed an inlet turbulent intensity of 5% (Celis 

et al., 2017; Salazar et al., 2008) and the length scale to estimate the inlet specific dissipation was defined equal to the 

inlet valve diameter. No slip condition was imposed at the aorta´s surface. The outflow flow rate distribution was defined 

based on average values in the human body (Alastruey et al., 2016). The outflow boundary condition at the descending 

aorta was 69.1%, at the three arteries at the top of the arch were defined as 19.3% (brachiocephalic artery), 5.2% (left 
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carotid artery), and 6.4% (left subclavian artery). 

3. RESULTS AND DISCUSSION 

The first parameter evaluated from both exams was the volume of the area of interest. During the time interval between 
exams, it was observed a volume growth of 10% for Patient 1 and inferior to 3% of volume growth for Patient 2, indicating 

an aneurysm growth for Patient 1 and no aneurysm growth for Patient 2. 

The turbulent kinetic energy (TKE)  represents the ‘strength’ of the turbulence in the flow, and caries the information 
of the three normal Reynolds stress tensor. Figures 1 and 2 show the turbulent kinetic energy distribution obtained from 

two exams gathered in different years, corresponding to Patient 1 and 2, respectively. At each figure a lateral view of the 

ascending aorta is shown in Figs. (a), as well as cross section planes transversal to the main flow (Figs. c). Figures (b) indicate 

the location of the transverse planes. 

For Patient 1, Fig. 1, high turbulence values can be perceived near the entry and along the jet, until it reaches the anterior 

wall, where aorta dilatation occurs. In addition, the region with high turbulent kinetic energy levels increases from the first 

to the second year. On the other hand, while examining the turbulent kinetic distribution corresponding to Patient 2 in Fig. 

2(i) and Fig. 2(ii), high  values do not accompany the inlet jet. It can be seen low values of near to the anterior wall and 

high values close to the posterior part of the aorta. Further, lower values are observed for Patient 2 when compared with 
Patient 1, and different scales had to be employed. 

 

(i) Patient 1- 1st year 

 
(ii) Patient 1 – 2nd year 

Figure 1. Contours of turbulent kinetic energy of Patient 1. (a) Transverse planes. (b) Central plane. (c) Cross-sectional 
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individual plans 

 

(i) Patient 2- 1st year 

 
(ii) Patient 2 – 2nd year 

Figure 2. Contours of turbulent kinetic energy of Patient 2. (a) Transverse planes. (b) Central plane. (c) Cross-sectional 

individual plans 

Another very interesting turbulent variable is the maximum principal turbulent Reynolds stress acting on a surface 

element (de Tullio et al., 2009). High levels of stress on the blood cells are responsible for hemolysis and platelet 

activation (de Tullio et al., 2009). According to Sallam & Hwang (1984), the level responsible of incipient hemolysis 

ranges from 400 N/m² to 5 000 N/m². The investigation on the stress distribution (in particular, the turbulent Reynolds 

stress tensor distribution) is extremely important to evaluate its correlation to aneurysm growth.  

The Reynolds stress tensor presents six components and it varies at each point of the domain. Nonetheless, when 

written in the principal coordinate system, it can be expressed in diagonal form, with only three principal normal stress 

𝜎1, 𝜎2 and 𝜎3, ordered as 𝜎1 ≥ 𝜎2  ≥ 𝜎3. The identification of the principal normal stresses requires the solution of a third-
order polynomial equation as 

032
2

1
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where 𝐼1, 𝐼2 and 𝐼3 are the three stress invariants of the tensor 
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and 𝐼3 is the determinant of the Reynolds stress tensor and u’, v’ and w’ the fluctuations in velocity vector components in 

the three Cartesian directions. 

The maximum turbulent shear stress acting on a surface element (Malvern, 1977), can be written as 

2

31
max
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TSS  (8)  

where 1 and 3 are the maximum and minimum Reynolds stress in the principal axis. 
In order to verify the existence of a correlation between the maximum principal turbulent shear stress distribution and 

aneurism growth, the 𝑇𝑆𝑆𝑚𝑎𝑥 distributions for Patients 1 and 2 are shown in Figs. 3 and 4. The same type of layout for 

the images of the turbulent kinetic energy were employed here for presenting the 𝑇𝑆𝑆𝑚𝑎𝑥 results. 

 
(i) Patient 1- 1st year  

 
(ii) Patient 1 – 2nd year 

Figure 3. Contours of maximum turbulent Reynolds shear stress of Patient 1. (a) Transverse planes. (b) Central plane. 
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(c) Cross-sectional individual plans 

 
(i) Patient 2- 1st year   

 
(ii) Patient 2 – 2nd year 

Figure 4. Contours of maximum turbulent Reynolds shear stress of Patient 2. (a) Transverse planes. (b) Central plane. 

(c) Cross-sectional individual plans 

Patient 1, Fig. 3(i) and Fig. 3(ii), shows higher values of 𝑇𝑆𝑆𝑚𝑎𝑥 near to the anterior aorta wall, where the aneurysm 
growth is significant, while for Patient 2, Fig. 4(i) and Fig. 4(ii), the maximum value occurs in a region near to the 

posterior wall. High values of turbulent shear stress caused by the frictional force acting on the endothelial cell surface, 

according to Malek et al. (1999), may contribute to aneurysm’s growth or rupture of the wall. 

The distribution of the maximum turbulent Reynolds shear stress for Patients 1 and 2 are quite similar to the results 

presented of the turbulent kinetic energy. Les et al. (2010) established the relationship between the two variables. 

Turbulence kinetic energy and maximum turbulent Reynolds stresses both rely on a decomposition of the flow field into 

an average and fluctuating part, but the Reynolds stress computation is the ensemble of different components of the 

fluctuating velocity field 𝜎𝑅𝑒 = 𝜌 𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅̅ . According to Les et al. (2010), when turbulence is high, it can be assumed that 

the fluctuating velocity fields are similar in magnitude (|𝑢𝑥
′ | ≈ |𝑢𝑦

′ | ≈ |𝑢𝑧
′ |). In this way, the turbulent kinetic energy  

can relate to 𝜎𝑅𝑒 as  
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Thus, the identification of regions with peaks of the turbulent kinetic energy can be related to the appearance of 

peaks of the maximum turbulent shear stress, and it was verified for both patients.  

4. CONCLUSIONS  

The flow field inside the ascending aorta of selected patients was numerically examined, by comparing turbulent 

variables. It was verified that the results of the turbulent kinetic energy and the maximum principal Reynolds shear stress 

are quite similar for both patients. However, high turbulent values can be perceived near to the entry and along the jet, until 

reaches the anterior wall, where aorta dilatation occurs for the patient who presented an aneurysm growth while for the 

patient that it did not grow, high turbulent values are seen at the posterior wall. The identification of the regions with high 

turbulent kinetic energy and the maximum principal Reynolds shear stress might aid the diagnosis of patients, indicating 

a higher probability of aneurism growth. 
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